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A replica plating method for rapid quantitation of ice nucleation-active (INA)
bacteria was developed. Leaf washings of plant samples from California, Colorado,
Florida, Louisiana, and Wisconsin were tested for the presence of INA bacteria.
Of the 95 plant species sampled, 74 were found to harbor INA bacteria. Only the
conifers were, as a group, unlikely to harbor INA bacteria. All of the INA bacteria
isolated resembled either Pseudomonas syringae or Erwinia herbicola. Sufficient
numbers ofINA bacteria were present on the samples to account for the ice nuclei
associated with leaves that are necessary for freezing injury to occur. Numbers of
INA bacteria were large enough to suggest that plant surfaces may constitute a
significant source of atmospheric ice nuclei.

Ice nucleation-active (INA) strains of Pseu-
domonas syringae van Hall and Erwinia her-
bicola (L6hnis) Dye have been shown to incite
frost damage to corn and other plants (2, 36).
Leaf surface populations of these bacterial spe-
cies limit supercooling in the plant parts on
which they reside by initiating damaging ice
formation at temperatures of -2 to -4°C (37).
Since plants do not have intrinsic ice nuclei
active at these relatively warm temperatures,
INA bacteria have a primary role in limiting
supercooling and, thus, inciting frost damage to
plants in nature.
Large epiphytic populations of INA strains of

both P. syringae and E. herbicola have been
found on corn under field conditions (37). How-
ever, the general involvement of these bacteria
in inciting frost damage to plants in nature would
require their ubiquitous presence on frost-sen-
sitive plants at the time of frost hazard.

Strains of P. syringae (all phytopathogenic,
oxidase, and arginine dihydrolase negative, flu-
orescent pseudomonads grouped under the no-
menspecies P. syringae by Doudoroff and Pal-
leroni [11]) have been found to be present, with-
out causing disease, on such diverse plants as
cherry (6, 7, 9, 17); pear (8, 38); peach (12, 18);
olive (15); bean (16, 33); soybean (30-32); and
hairy vetch, alfalfa, red clover, and lilac (16).
Although P. syringae is pathogenic to many
plants, it has been found as a resident on a
number of apparently healthy plants, including
both known hosts and plants not known to be
hosts. Erwinia herbicola has been found on

t Present address: Department of Plant Pathology, Univer-
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many plants, such as vegetables (4, 19); a num-
ber of grasses, including perennial rye grass,
sugarcane, barley, rye, oats, and wheat (10, 14,
20, 22, 23, 28, 29, 46); seeds of rice, wheat, oats,
rye, clover, and timothy (13, 24, 39, 45, 46; H.
Chcanowska, Rev. Appl. Mycol. 45:436, 1966);
cotton (3); and leaves and flowers of fruit trees
(5, 21, 40). However, the importance of bacterial
ice nucleation in frost injury has been recognized
only recently (2, 36, 37), and the isolates ob-
tained in the earlier studies were not tested for
ice nucleation activity. Thus, the distribution of
INA bacteria has not been reported previously.
The present study examines the quantitative

distribution of INA strains of both P. syringae
and E. herbicola on diverse plants in different
geographical locations in the United States to
substantiate the possibility of their general in-
volvement in inciting frost damage to plants. A
preliminary report has been published (S. Lin-
dow et al., Proc. Am. Phytopathol. Soc. 4:107,
1977).

MATERIALS AND METHODS
Sampling technique. Samples collected near

Madison, Wis., were placed in sterile plastic bags and
plated immediately upon return to the laboratory.
Samples from distant locations were sent to Madison
by air express, by air mail, or, in some cases, hand-
carried, with time between collecting and plating being
1 to 3 days in most cases. (The effects of this delay
have not been determined, but comparisons of results
with those samples collected locally have not sug-
gested any gross differences.) Samples from southern
Florida were supplied by R. S. Cox from December
1976 to March 1977, and by D. J. Hagedorn on 30
December 1976. California and Colorado samples were
collected by R. C. Schnell in April and June 1976,
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respectively. The Louisiana samples were collected on
4 June 1976. Wisconsin samples were assayed in May
and October of 1976 and in April and May of 1977. In
the distribution study, single samplings for most plant
species locations were made. For seasonal population
trends, at least one sample was taken from each con-
trol (nontreated) plot in each of several replications.

Several whole leaves made up the sample for small-
leaved species; portions of at least two leaves were
used for large-leaved species. Samples of ca. 10 to 20
g were cut into pieces ca. 5 cm2 and placed in 500-ml
Erlenmeyer flasks with 200 ml of 0.1 M phosphate
buffer (pH 7.0) with 0.1% (wt/vol) peptone (Difco).
Flasks were shaken on either a rotary or a reciprocal
shaker for ca. 2 h before appropriate dilution plantings
were made on nutrient agar (NA) for total population
or NA + 2.5% (vol/vol) glycerol (NAG) for INA bac-
teria. Several other media were used in the INA assays,
i.e., Crosse medium (6), King medium B (27), and
nutrient dextrose agar with 50 jig of cycloheximide per
ml; INA colonies were most consistently detected on
NAG, however. Leaf washings were all plated on NA,
NAG, and at least one of the other media; there was
usually good agreement between total colonies on NA
and either NAG or King medium B, and between INA
colonies on NAG and either King medium B or Crosse
medium. In preliminary assays, homogenization of
leaves was compared with leaf washing, and similar
results were obtained. Since the leaf washing was more
expeditious, it was used for the assays reported here.

Detection of INA colonies by replica freezing.
A rapid system for assaying colonies was patterned
after the replica plating technique developed by Led-
erberg and Lederberg (34). A square of sterile velvet
cloth stretched across a circular rubber block was first
pressed against the surface of the dilution plate with
colonies to be assayed and then pressed onto a sheet
of paraffin-coated aluminum foil. The replica on the
paraffin surface retained substantial numbers of bac-
teria from the original dilution plate. Six such repli-
cates were made on a sheet (20 by 25 cm) of foil. The
edges (ca. 1 cm) of the sheet were then folded upward
to form a "boat" which could be floated on the surface
of a refrigerated bath held at the desired temperature,
usually -5°C. A fine mist of the ice nucleus-free water
was sprayed on the surface of the boat. After about 2
min, discrete areas of ice (having a frosty, white ap-
pearance) were enumerated visually for each dilution
plate. Ambiguous areas were tested physically for so-
lidity with the tip of a sterile toothpick. From the total
number of colonies, the number of areas of ice forma-
tion and other pertinent values, the total and INA
bacteria per gram (fresh weight) of sample were cal-
culated. Pure cultures of INA isolates were obtained
by making transfers from the areas of ice formation
on the -5°C surface and restreaking to obtain single
bacterial colonies.

Since ice nucleation activity of bacteria can be
strongly influenced by the medium on which the cells
are grown (36), the quantitation of INA bacteria can
be strongly influenced by the medium on which the
cells are plated. In addition, when only a small fraction
(<0.1%) of the total colonies are active, plates bearing
very large numbers of colonies must be tested by the
replica freezing procedure. Active colonies can be

missed under these conditions due to intercolony an-
tagonism on our nonselective media. Thus, the accu-
racy of the procedure varies from nearly as good as
that of dilution plating (when INA bacteria represent
a high proportion of the population) to only an order
of magnitude estimate (when INA bacteria represent
<0.1% of the total), and many estimates of INA bac-
terial populations are probably low.

RESULTS
Geographic distribution. (i) California

samples (6-8 April 1976). Total bacterial pop-
ulations varied from 6 x 105 to over 109 cells per
g (fresh wt), with most samples being close to
107 cells per g (Table 1). When more than one
sample from the same plant species was assayed,
total populations were similar in most cases.
Populations of INA bacteria varied widely
among species, and, in some cases, such as Pru-
nus domestica, from sample to sample from the
same species. Juglans regia, Prunus dulcis, and
one sample of P. domestica had the highest INA
bacterial populations. INA bacteria made up
widely varying fractions of the total population,
ranging from nearly 41% for J. regia to <0.001%
for tomatoes.

All ofthe INA bacteria isolated in pure culture
from these samples resembled P. syringae, i.e.,
they produced a fluorescent green pigment on
King's medium B and gave negative oxidase and
arginine dihydrolase reactions. Twelve P. syr-
ingae-like isolates from six of the plant species
also incited frost damage to corn seedlings when
applied 24 h before freezing at -5°C.
The leaf-washing liquid from the P. dulcis

sample was tested directly for ice nucleation
activity by using a droplet-freezing procedure
previously described (36, 43). As droplet tem-
perature was gradually lowered, ice nucleation
was detected at -1.9°C, and all 30 10-,ul droplets
were frozen at -2.4°C, indicating that the wash-
ing liquid contained >340 nuclei/ml that were
active above -2.4°C. On the basis of the replica
plating of a dilution series, the number of INA
bacteria in the leaf wash was ca. 5 x 105 cells per
ml.

(ii) Colorado samples (8 June 1976). Very
low total populations of bacteria were found,
ranging from 102 to 2.4 x 106 cells per g (fresh
weight). Populations on conifers were especially
low (102 to >104 cells per g). Bacteria with ice
nucleation activity were detected on only 3 of
the 13 species assayed. Species without detect-
able INA bacteria included both annuals and
perennials. All INA bacteria isolated from these
plants resembled P. syringae.

(iii) Florida samples (15 December 1976
to March 1977). Total bacterial populations
varied widely, ranging from 9 x 103 on Nicotiana
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TABLE 1. Total and INA bacterial populations in leaf washings from various plant species and locations
in the United States

{Log [cells/g (fresh wt)] - [total/INA]) h

Genus and speciesa Wis.
Calif. Colo. Fla. La.

May 1976 Oct 1976 Apr-May

Annuals
Allium cepa L.
Amaranthus sp. L.
Ambrosia trifida L.
Beta vulgaris L.
Brassica hirta Moench.
B. oleracea L. Gongylodes

group
B. oleracea L. Capitata
group

B. oleracea L. Botrytis
group

B. rapa L.
Capsicum frutescens L.
Citrullus lanatus (Thunb.)
Matsum. & Nakai

Cucumis melo L.
C. sativus L.
Cucurbita maxima Du-
chesne

Glycine max (L.) Merrill
Hordeum vulgare L.
Lactuca sativa L.
Lycopersicon escukentum

Mill.
Mimosa L. sp.
Nicotiana tabacum L.
Phaseolus vulgaris L.
Pisum sativum L.
Raphanus sativus L.
Solanum tuberosum L.
Tagetes patula L.
Triticum aestivum L.
Zea mays L.
Zinnia elegans Jaeg.

Woody plants
Acer negundo L.
Amelanchier arborea

(Michx.f.) Fern.
Brassaia actinophylla Endl.
Carissa grandiflora (E. H.
Mey.) A. DC.

Carya ovata (Mill.) C. Koch
Citrus L. sp.
Codiauem variegatum (L.)
Blume.

Elaeagnus angustifolia L.
Juglans nigra L.
J. regia L.
Lagerstroemia indica L.
Livistona R. Br. sp.
Magnolia virginiana L.
Malus sylvestris Mill.
Platanus occidentalis L.
Populus angustifolia James
P. sargentii Dode
P. tremuloides Michx.
Prunus americana Marsh.
P. armeniaca L.
P. avium (L.) L.
P. cerasus L.
P. domestica L.

5.2/2.5
6.0/3.1

7.5/5.4

3.2/ND

8.4/6.9

8.5/ND

7.7/5.1
7.7/4.2

6.1/2.3
2.4/ND

7.8/5.6
8.5/7.4 (2)

3.9/ND
7.4/4.4 (2)

8.0/6.3

6.4/4.5 3.2/ND 6.1/3.3

5.9/4.6 (2)
4.9/4.3

3.2/NDc

4.1/1.5

4.4/ND (2)

4.4/2.9
5.1/4.6
5.2/4.9

5.2/3.5
6.5/4.3 (2)
4.8/2.9

4.5/2.9

6.7/ND

6.4/5.2 (2)
5.7/2.8 (2)

5.5/2.9
7.1/5.0

6.1/ND 7.3/3.3
6.7/6.2

6.9/6.8
5.5/3.6 6.1/ND

7.4/4.7
6.5/ND

7.1/2.8 (4)
5.4/ND

4.5/ND

7.7/7.3 (2)
7.1/5.8 (2)
5.3/ND
6.2/4.1

2.9/ND
4.7/2.6
3.3/ND

6.6/4.1

6.9/6.1 (3)

6.3/3.0 6.0/4.0

6.5/4.9 (3) 4.9/3.4 (2)

6.9/5.6 6.5/3.3

6.3/4.7 (2)
7.6/7.1 (2)
7.3/6.9

7.1/7.0 (3)

3.8/3.2

4.7/ND
5.1/3.4
5.0/2.3
5.2/3.1

4.5/2.9
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TABLE 1.-Continued
(Log [cells/g (fresh wt)] - [total/INA]) '

Genus and species' Wis.
Calif. Colo. Fla. La.

May 1976 Oct 1976 Apr-May

P. dulcis (Mmi.) D. A. Webb
P. persica (L.) Batsch.
P. serotina J. F. Ehrh.
P. virginiana L.
Pyrus communis L.
Quercus macrocarpa Michx.
Q. rubra L.
Q. virginiana Mill.
Ribes L. sp.
Rubus idaeus L.
Sambucus canadensis L.
Sorbus americana Marsh.
Syringa vulgaris L.
Vitis riparia Michx.
V. vinifera L.

Herbaceous perennials
Agropyron repens (L.) Beau-

rois.
Asparagus officinalis L.
Chrysanthemum x morifol-
ium Ramat.

Fragaria chiloensis (L.) Du-
chesne

Medicago sativa L.
Musa L. sp.
Narcissus pseudonarcissus

L.
Oenothera biennis L.
Pelargonium x hortorum L.
H. Bailey

Phyllostachys Siebold &
Zucc. sp.

Poa pratensis L.
Rheum rhabarbarum L.
Taraxacum officinale Wig-

gers
Trifolium pratense L.

Conifers
Abies balsamea (L.) Mill.
A. concolor (Gord.) Lindl. ex

Hildebr.
A. fraseri (Purgh) Poir.
Juniperus virginiana L.
Piceaglauca (Moench) Voss
P. pungens Engelm.
Pinus ponderosa Dougl. ex

P. Laws. & C. Laws.
P. resinosa Ait.
P. strobus L.
Pseudotsuga menziesii

(Mirb.) Franco
Tsuga canadensis (L.) Car-

riere

7.5/6.4
7.5/5.6 (2)

5.1/3.1
5.2/4.1
5.2/3.66.5/4.8

5.7/ND

6.1/ND
3.8/2.1
4.7/ND

4.4/2.7

4.9/2.5
4.2/3.7

6.6/4.7

7.3/4.8
6.5/2.1

4.5/ND

4.6/3.1

4.1/2.4

6.8/4.9 (2)
6.3/3.7

5.2/3.7

4.9/4.1

5.2/4.7

7.4/6.0

5.9/4.5

6.4/4.2
3.6/ND

3.4/ND 3.3/2.1
2.1/ND

4.8/ND
5.4/ND

5.9/ND

2.6/ND (2)

3.1/ND
3.8/ND

4.8/ND 2.1/ND
5.2/ND

5.1/2.9 3.1/ND2.3/ND

a Latin binomials follow those in Hortus Third: a Concise Dictionary ofPlants Cultivated in the United States and Canada,
1976, MacMillan, New York.

bFirst figure of each pair is log of the total bacterial population; the second is the log of the INA population. Assays were on

single samples except where noted with figure in parentheses. Where multiple samples were assayed, the log of the means is
given.

'ND, INA bacteria were not detected, i.e., <100 cells/g (fresh weight).

tabacum to 108 cells per g (fresh weight) on a wide range, representing <0.01% of the popu-

Lycopersicon esculentum and Raphanus sati- lation for Natal plum to 7.1% for tomato. No
vus. The INA bacterial populations also covered INA bacteria were detected on 3 of the 18 species

4.9/3.3

6.4/5.9
3.8/1.9

6.9/6.4

6.2/5.5

2.9/1.8

4.4/4.1

7.3/5.8

7.3/6.5

5.9/4.6

4.2/3.0

3.1/2.6
2.2/ND

2.8/ND
3.1/ND

2.9/ND
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assayed. Relatively low populations of INA bac-

teria were found on Citrus sp., and none was

detected on several waxy-leaved oranaentals.
Both E. herbicola and P. syringae were isolated

from these samples in approximnately equal num-

bers.

(iv) Louisiana samples (4 June 1976). Col-

onies of INA bacteria (mostly E. herbicola and

some P. syringae) were obtained from four of

the seven plant species sampled.

(v) Wisconsin samples (May 1976 and

April and May 1977). Various plant species

were assayed. Dormnant twigs, leaves, and flow-

ers were used from some woody plants, depend-

ing on developmental stage. Total populations

ranged from 103 to 6 x 107 cells per g (fresh

weight). INA bacteria were not detected on six

of the eight conifers tested. In young leaves of

Acer negundo and blossoms and young leaves of

P. domestica, P. armenica, and P. avium, very

high INA bacterial populations were

found-more than 107 INA cells per g (fresh

weight)-up to 95% of the total bacteria present.

In May 1976, all INA bacteria isolated in pure

culture for additional characterization resem-

bled P. syringae; in the spring of 1977, both P.

syringae- and E. herbicola-like isolates were

obtained.

(vi) Wisconsin samples (October 1976).

Total bacterial populations were lower than in

the May assays, particularly on conifers and

deciduous tree leaves. However, several herba-

ceous annuals, such as Tagetes, Cucumis, Phas-

eolus, Zea, and Zinnia, had relatively high total

populations (106 to 107 cells per g [fresh

weight]). INA populations on the Prunus species

that had been very high in May were generally

much lower in October, as had been reported by

others for P. syringae (7, 38). No INA bacteria

were detected on six of the seven conifer species
tested. Colonies resembling both P. syringae

and E. herbicola made up nearly equal fractions

of the cultures isolated in October.

In addition to the species listed in Table 1,

INA bacteria have been found on Ulmus amer-

icana, Populus alba, and Cucurbita pepo in

Wisconsin at various times during the growing

season. Seasonal variations of number of INA

bacteria on C. pepo in Wisconsin will be dis-

cussed below.

Summary of plant species and INA bac-

teria. One or more samples from each of 95

plant species was assayed quantitatively for total

and INA bacteria. The geographical distribution

and plant type are sumnmarized in Table 2. In all

species sampled, except those from Colorado,

the majority carried detectable levels of INA

bacteria. Overall, about three-quarters of the

species carried INA bacteria. For annuals, her-

baceous perennials, and woody perennial plants

TABLE 2. Summary of numbers ofplant species
from which INA bacteria were isolated, compared

with those fr-om which INA bacteria were not
detected, on the basis ofgeographical source of

sample and type ofplant fr-om which samples were
obtained

No. of plant species

Source of samples INA bacte-IAbceriNa basete ria not de-
nspresent tected

Location
Calif. 9
Colo. 3 10
Fla. 15 3
La. 4 3
Wis. 54a 10

Type of plant
Annuals 25 5
Herbaceous perennials 13 1
Woody angiosperms 33 7
Conifers 3 8

Total no. of different species' 74 21

aThree species, Ulmus americana, Populus alba, and Cu-
curbita pepo, are included in totals, but are not in Table 1.

Duplications of plant species eliminated.

other than conifers, a large majority of the spe-
cies carried INA bacteria, but for conifers the
converse was true. On the conifers, total as well
as INA bacterial populations were generally low.

Characteristics ofINA bacteria col[lected.
During 1975 and 1976, more than 1,000 isolates
of INA bacteria recovered from leaf washings of
a large number of plant species were selected at
random for further characterization in pure cul-
ture. Of these, 24% were yellow pigmented and
resembled E. herbicola in appearance. All of
these isolates grew on NA containing 0.1% 2,3,5-
triphenyl 2H-tetrazolium chloride or 5% NaCl,
conditions which would inhibit the growth of
most Xanthomonas species (35). The other 76%
of the INA isolates resembled P. syringae, i.e.,
they produced a fluorescent pigment and gave
negative oxidase and arginine dihydrolase reac-
tions. The greater number of P. syringae isolates
may have been due, in part, to the fact that the
majority of the isolations were made in the early
part of the growing season when P. syringae
seems to predominate. After July 1, E. herbicola
was found frequently and predominated on some
samples.
The plant samples assayed for total and INA

bacteria were essentially normal in appearance,
i.e., they were free of any apparent disease symp-
toms. Although P. syringae isolates were ob-
tained from many samples, no obvious patho-
genic relationships were involved. The patho-
genic potential of the P. syringae iso?ates has
not yet been determined.
Seasonal trends of epiphytic bacterial

populations. Samples were taken at intervals
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of 1 to 3 weeks from replicated plots of several
crop plants near Arlington, Wis. during the 1976
season, and total and INA bacterial populations
were determined. Seasonal trends of these bac-
teria on bean, tomato, soybean, and pumpkin
leaves are shown in Fig. 1. On snap bean and
tomato leaves, there was a gradual increase in
both total and INA bacteria throughout the
season, with the INA fraction being about 1% on
beans, but only 0.3% on tomatoes. This trend is
similar to that on corn reported earlier (37), in
which total populations reached 107 to 108 cells
per g (fresh weight) late in the season and INA
bacteria comprised about 1% of the total popu-
lation. Although the total bacteria on soybean
and pumpkin leaves increased during the season,
the estimates of the INA populations were some-
what erratic. For soybeans, the INA populations
showed a decrease in late August, but the Sep-
tember readings were again quite high. The
pumpkin INA population reached a maximum
of 105 in early August and later decreased to 3
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x 104 cells per g (fresh weight) in September.
In general, these annual plants had relatively

low bacterial populations early in the season
with rather substantial increases as the season
progressed. The INA fraction was approximately
proportional to the total population and was
typically 1% or less. However, it is apparent that
INA bacteria are present throughout the season
and are in substantial numbers late in the sea-
son. In contrast, some of the woody perennials,
e.g., Prunus spp., had very high populations of
both total and INA bacteria early in the season.

DISCUSSION
INA bacteria are commonly present as epi-

phytes on a diversity ofplant species from widely
separated areas of the United States. The dis-
tribution of INA bacteria appears to be suffi-
ciently broad that we can conclude that INA
bacteria are present on plants in sufficient num-
bers and with sufficient frequency to adequately
explain the lack of supercooling of frost-sensitive
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FIG. 1. Total and INA bacterial populations on normal, nontreated leaves of (A) beans; (B) soybeans; (C)
pumpkins; and (D) tomatoes, sampled during the 1976 growing season. Total bacteria (0) were determined on
NA, and INA bacteria (A) were determined on NAG by dilution plating of washings of 10 to 20 g of leaves of
each speoies from each of three replications at each date. Vertical bars represent the standard error of the
mean of log populations from the three separate determinations of each sampling date. Dashed lines indicate
the estimated limits of detection ofINA bacteria.
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plants below about -2 to -5°C. INA bacteria
were detected on 74 of the 94 plant species
sampled. Of the remaining 20 plant species, 8
were conifers and 12 were based on assays of
single samples. Because the limit of sensitivity
of the replica freezing technique is ca. 100 cells
per g or ca. 0.1% of the total population, which-
ever is larger, INA bacteria may not have been
detected on some samples, even though they
may have been present. Thus, negative findings
based on a single sample should be considered
tentative. The limit of sensitivity of the replica
freezing technique is high enough that we could
have missed INA bacterial populations sufficient
to prevent supercooling of the sample leaves.
Replicated samples from field trials frequently
did not produce positive values for each sample
in spite of the fact that the overall population of
INA bacteria on the test plants was quite high.
Conifers, however, appear to present a special
case. Not only are the levels of INA bacteria
either very low or below detection on these
plants, but total numbers of epiphytic bacteria
are also very low.
The overall abundance of INA bacteria on

plant surfaces, taken together with the extent of
(nonconiferous) terrestrial plant cover, may pro-
vide an excellent source of atmospheric ice nu-
clei active at relatively warm temperatures (41,
44). The content of atmospheric ice nuclei active
at or above -15°C increases with movement of
air masses over land (1) and may reflect the
contributions of nuclei by terrestrial plants.
The seasonal trends of epiphytic bacteria for

the four annual crops on which populations were
followed through the season are in general agree-
ment with those reported by Dickinson et al.
(10) for Lolium perenne, for which populations
rose from 1 x 105 to 2 x 105 colonies per g (fresh
weight) in May to 11 x 106 in September on the
older leaves, then back to 2 x 106 in October on
newly formed leaves. Stout (42) found popula-
tions of 107 to 8 x 108 cells per g (wet weight) on
the same grass species, with somewhat higher
populations in summer and autumn and lower
populations in winter and early spring. Kerling
(26), in a study on Beta vulgaris leaves, reported
a progressive increase from ca. 30 to 50 colonies
per cm2 in May and June to 2,000 to 3,000
colonies per cm2 in July and August and then
lower counts in September and October.
Kaku (25), in his freezing-temperature distri-

bution studies with Buxus and Ilex species,
found that mature leaves appeared to have more
effective or a higher concentration of ice nuclea-
tors than did immature leaves at temperatures
between -2 and -6°C, and that before full ma-
turity, size did not affect ice nucleus content.

This difference between immature and mature
leaves could be explained on the basis of num-
bers of INA bacteria present, probably being
fewer on young leaves and increasing with age,
as has been shown in the present work for beans
and tomatoes.
Pseudomonas syringae, which is a pathogen

on many plants, has been found residing on a
number of plants without causing disease symp-
toms in agreement with earlier reports, e.g., Er-
colani et al. (16). It is possible that some isolates
from a particular plant would be pathogenic on
that plant species under the most favorable con-
ditions. Thus, it is possible that the large popu-
lations of P. syringae present as epiphytes on
leaves of most plants serve as a source of inoc-
ulum for infection of either the plant on which
they reside or for nearby plants. However, we
have not examined the pathogenic host range of
the isolates that we obtained on the basis of ice
nucleation activity.

ACKNOWLEDGMENTS
This research was a cooperative effort between the College

of Agricultural and Life Sciences, University of Wisconsin-
Madison, Madison, and the Science and Education Adminis-
tration, U.S. Department of Agriculture.

LITERATURE CITED
1. Allee, P. A. 1974. Ice nuclei concentration measured by

a benchmark network, p. 242-245. In 4th Conference on
Weather Modification, American Meteorological Soci-
ety, Ft. Lauderdale, Fla., Boston, Mass., 18-21 Novem-
ber 1974.

2. Arny, D. C., S. E. Lindow, and C. D. Upper. 1976.
Frost sensitivity of Zea mays increased by application
of Pseudomonas syringae. Nature (London) 262:
282-284.

3. Ashworth,L J., D. C. Hildebrand, and M. N. Schroth.
1970. Erwinia-induced internal necrosis of immature
cotton boils. Phytopathology 60:602-607.

4. Bean, P. G., and J. R. Everton. 1969. Observations on
the taxonomy of chromogenic bacteria isolated from
cannery environments. J. Appl. Bacteriol. 32:51-59.

5. Chatterjee, A. K., L. N. Gibbins, and J. A. Carpenter.
1969. Some observations on the physiology of Erwinia
herbicola and its possible implication as a factor antag-
onistic to Erwinia amylovora in the fire blight syn-
drome. Can. J. Microbiol. 15:640-642.

6. Crosse, J. E. 1959. Bacterial canker of stone fruits. IV.
Investigation of a method for measuring the inoculum
potential of cherry trees. Ann. Appl. Biol. 47:306-317.

7. Crosse, J. E. 1963. Bacterial canker of stone fruits. V. A
comparison of leaf surface populations of Pseudomonas
mors-prunorum in autumn on two cherry varieties.
Ann. Appl. Biol. 52:97-104.

8. Crosse, J. E. 1966. Epidemiological relations of the pseu-
domonad pathogens of deciduous fruit trees. Ann. Rev.
Phytopathol. 4:291-310.

9. Crosse, J. E. 1969. Inhibition of leaf scar infection of
cherry by a saprophytic bacterium from leaf surfaces.
Ann. Appl. Biol. 56:149-160.

10. Dickinson, C. H., B. Austin, and M. Goodfellow. 1975.
Quantitative and qualitative studies of phylloplane bac-
teria from Lolium perenne. J. Gen. Microbiol. 91:
157-166.

VOL. 36, 1978



838 LINDOW, ARNY, AND UPPER

11. Doudoroff, M., and N. J. Palleroni. 1974. Genus I.
Pseudomonas Migula 1894, 237 Nom. cons. Opin. 5,
Jud. Comm. 1952, 121, p. 217-243. In R. E. Buchanan
and N. E. Gibbons (ed.), Bergey's manual of determi-
native bacteriology, 8th ed. The Williams & Wilkins
Co., Baltimore.

12. Dowler, W. M., and D. J. Weaver. 1975. Isolation and
characterization of fluorescent pseudomonads from ap-
parently healthy peach trees. Phytopathology 65:
233-236.

13. Duggeli, M. 1904. Die Bakterienflora gesunder Samen
und deraus gezogener Keimpflanzen. Zentralbl. Bakte-
riol. Parasitenkd. Infektionskr. Hyg. Abt. 2 13:199-207.

14. Duncan, C. L., and A. R. Colmer. 1964. Coliforms
associated with sugar-cane plants and juices. Appl. Mi-
crobiol. 12:173-177.

15. Ercolani, G. L. 1971. Presenze epifitica di Pseudomonas
savastanoi (E. F. Smith) Stevens sull'Olivo, in Puglia.
Phytopathol. Mediterr. 10:130-132.

16. Ercolani, G. L., D. J. Hagedorn, A. Kelman, and R.
E. Rand. 1974. Epiphytic survival of Pseudomonas
syringae on hairy vetch in relation to epidemiology of
bacterial brown spot of bean in Wisconsin. Phytopath-
ology 64:1330-1339.

17. Freigoun, S. O., and J. E. Crosse. 1975. Host relations
and distribution of a physiological and pathological
variant of Pseudomonas mors-prunorum. Ann. Appl.
Biol. 81:317-330.

18. Gardan, L., J. P. Prunier, and J. Luisetti. 1972. Etudes
sur les bacterioses des arbres fruitiers. V. Recherche et
etude des variations de Pseudomonas mors-prunorum
f. sp. persicae (Prunier, Luisetti, Gardan) a la surface
des feuilles de pecher. (English summary.) Ann. Phy-
topathol. 4:229-244.

19. Geldreich, E. E., B. A. Kenner, and P. W. Kabler.
1964. Occurrence of coliforms, fecal coliforms, and strep-
tococci on vegetation and insects. Appl. Microbiol. 12:
63-69.

20. Gibson, T., A. C. Stirling, R. M. Keddie, and R. F.
Rosenberger. 1958. Bacteriological changes in silage
made at controlled temperatures. J. Gen. Microbiol. 19:
112-129.

21. Goodman, R. N. 1967. Protection of apple stem tissue
against Erwinia amylovora infections by avirulent
strains and three other bacterial species. Phytopathol-
ogy 57:22-24.

22. Hsieh, S. P. Y., and I. W. Buddenhagen. 1974. Sup-
pressing effects of Erwinia herbicola on infection by
Xanthomonas oryzae and on symptom development in
rice. Phytopathology 64:1182-1185.

23. James, N. 1955. Yellow chromogenic bacteria on wheat.
II. Determinative studies. Can. J. Microbiol. 1:479-485.

24. James, N., J. Wilson, and E. Stark. 1946. The micro-
flora of stored wheat. Can. J. Res. Sect. C. 24:224-233.

25. Kaku, S. 1975. Analysis of freezing temperature distri-
bution in plants. Cryobiology 12:154-159.

26. Kerling, L. C. P. 1958. De microflora op hetblad van Beta
vulgaris. (English summary.) Tijdschr. Plantenzie-kten
64:402-410.

27. King, E. O., M. K. Ward, and D. E. Raney. 1954. Two
simple media for the demonstration of pyocyanin and
fluorescin. J. Lab. Clin. Med. 44:301-307.

28. Last, F. T., and F. C. Deighton. 1965. The non-parasitic
microflora on the surfaces of living leaves. Trans. Br.

Mycol. Soc. 48:83-99.
29. Last, F. T., and R. C. Warren. 1972. Non-parasitic

microbes colonizing green leaves: their form and func-
tions. Endeavour 31:143-150.

30. Laurence, J. A., and B. W. Kennedy. 1974. Population
changes of Pseudomonas glycinea on germinating soy-
bean seeds. Phytopathology 64:1470-1471.

31. Leben, C., V. Rusch, and A. F. Schmitthenner. 1968.
The colonization of soybean buds by Pseudomonas
glycinea and other bacteria. Phytopathology 58:
1677-1681.

32. Leben, C., and T. D. Miller. 1973. A pathogenic pseu-
domonad from healthy field-grown soybean plants.
Phytopathology 63:1464-1467.

33. Leben, C., M. N. Schroth, and D. C. Hildebrand. 1970.
Colonization and movement of Pseudomonas syringae
on healthy bean seedlings. Phytopathology 60:677-680.

34. Lederberg, J., and E. M. Lederberg. 1952. Replica
plating and indirect selection of bacterial mutants. J.
Bacteriol. 63:399-406.

35. Lelliott, R. A. Genus XII, Erwinia Winslow et al. 1920,
209, p. 332-339. In R. E. Buchanan and H. E. Gibbons
(ed.), Bergey's manual of determinative bacteriology,
8th ed. The Williams & Wilkins Co., Baltimore.

36. Lindow, S. E., D. C. Arny, and C. D. Upper. 1978.
Erwinia herbicola: a bacterial ice nucleus active in
increasing frost injury to corn. Phytopathology 68:
523-527.

37. Lindow, S. E., D. C. Arny, C. D. Upper, and W. R.
Barchet. 1978. The role of bacterial ice nuclei in frost
injury to sensitive plants, p. 249-263. In P. Li and A.
Sakai (ed.), Plant cold hardiness and freezing
stress-mechanisms and crop implications. Academic
Press Inc., New York.

38. Luisetti, J., and J. P. Paulin. 1972. Etudes sur les
bacterioses des arbres fruitiers. III. Recherche du Pseu-
domonas syringae (van Hall) a la surface des organs
aeriens du poiren et etude de ses variations quantita-
tives. (English summary.) Ann. Phytopathol. 4:215-227.

39. Matsuno, M. 1967. Studies on yellow bacteria inhabiting
the surface of newly cropped rice. Ann. Phytopathol.
Soc. Jpn. 33:223-229.

40. Riggle, J. H., and E. J. Klos. 1972. Relationship of
Erwinia herbicola to Erwinia amylovora. Can. J. Bot.
50: 1077-1083.

41. Schnell, R. C., and G. Vali. 1976. Biogenic ice nuclei.
Part 1. Terrestrial and marine sources. J. Atmos. Sci.
33:1554-1564.

42. Stout, J. D. 1960. Bacteria of soil and pasture leaves at
Claudelands showgrounds. N.Z. J. Agric. Res. 3:
413-430.

43. Vali, G. 1971. Quantitative evaluation of experimental
results on the heterogeneous freezing nucleation of su-
percooled liquid. J. Atmos. Sci. 28:402-409.

44. Vali, G., M. Christensen, R. W. Fresh, E. L. Galyon,
L. R. Maki, and R. C. Schnell. 1976. Biogenic ice
nuclei. Part 2. Bacterial sources. J. Atmos. Sci. 33:
1565-1570.

45. Wallace, R. H., and A. G. Lockhead. 1951. Bacteria
associated with seeds of various crop plants. Soil Sci.
71:159-166.

46. Woller, H. 1929. Uber die epiphytische Bakterienflora
gesunder gruner Pflanzen. Zentralbl. Bakteriol. Parasi-
tenkd. Infektionskr. Hyg. Abt. 2 79:173-177.

APPL. ENVIRON. MICROBIOL.


